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Abstract

Bioacoustic monitoring provides an innovative technique for studying the behaviour and
ecology of wild birds. In this thesis I use bioacoustic monitoring as a tool for studying
Savannah Sparrows (Passerculus sandwichensis). In my first data chapter, I tested the
accuracy of passive acoustic monitoring in estimating population size and annual survival
in an island population of Savannah Sparrows. Six years of data reveal that passive
acoustic monitoring with autonomous recorders provides accurate underestimates of
population size and annual survival. I found that passive acoustic monitoring estimated
population size with 74% accuracy, with higher accuracy in low density years. I also found
that passive acoustic monitoring estimated annual survival with 80% accuracy, providing
the first known study to use passive acoustic monitoring to estimate annual survival. In
my second data chapter, I used passive acoustic monitoring to study patterns of
geographic variation, focusing specifically on whether Savannah Sparrows exhibit a smallscale microdialect pattern of acoustic variation. I found that males sound more similar to
their neighbours than to birds who were at least one kilometre away in the population.
Using mark-recapture data, I show that males dispersed, on average, 189m from their
natal site to their first breeding territory the following year. I suggest that vocal learning,
combined with small dispersal distances and the process of overproduction and attrition,
gives rise to microdialects. My results provide support for the accuracy of autonomous
recorders in studying the ecology of wild bird populations and patterns of geographic
variation in bird songs.
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Chapter 1: General Introduction
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Introduction
Vocal learning occurs when animals develop vocalizations by listening to the
sounds produced by conspecific animals early in life (Doupe & Kuhl 1999). This pattern of
behaviour is recognized in several groups of animals, including bats (Vernes & Wilkinson
2019), elephants (Poole et al. 2005), cetaceans (Janik 2014), and humans (Marler 1970).
Patterns of vocal learning are particularly well-studied in songbirds (Bradbury &
Vehrencamp 2011). For most songbirds, only male birds sing, and there are two timewindows important for song learning. The first time-window, called the sensitive period,
occurs for the first 50 days after hatching when young birds memorize the songs of
nearby adult males (Marler & Nelson 1994). The second time window, called the
crystallization period, occurs at the beginning of their first breeding season the following
year when young males are attempting to establish their first breeding territory (Marler &
Nelson 1994); it is the process whereby the songs that males learned in infancy are
practiced and refined. After crystallization, birds express their song relatively unchanged
for the remainder of their lives (Marler & Peters 1982, Marler & Nelson 1994, Nelson &
Poesel 2009, Nordby et al. 2007).
Animals’ learned acoustic signals are a vital form of communication (Schleich &
Busch 2002, Catchpole & Slater 2008, Bradbury & Vehrencamp 2011). Acoustic signals can
be used to communicate diverse messages such as presence of predators, reproductive
interests, and foraging activities (Bradbury & Vehrencamp 2011). For example, bats use
acoustic communication in the form of echolocation to locate prey (Siemers et al. 2001),
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and whales produce low-frequency sounds as part of their reproductive displays
(Castellote et al. 2012). Birds use their learned songs principally to attract mates and
defend territories (Nottebohm 1972, Catchpole & Slater 2008). Due to their varied and
widespread use of acoustic signals, birds provide a compelling model for research on
animal bioacoustics (Frommolt & Tauchert 2014). My thesis focuses on the use of passive
acoustic monitoring as a tool for studying Savannah Sparrows (Passerculus
sandwichensis), with an emphasis on estimates of population size and annual survival
(Chapter 2), and the exploration of microdialects (Chapter 3). In this General Introduction,
I provide a brief overview of bioacoustic monitoring and geographic variation in bird song
to provide background information for the two data chapters that follow.

Bioacoustic monitoring
The vocalizations of animals can provide meaningful information about an
individual and the population in which it exists. Bioacoustic monitoring refers to the
recording of acoustic signals of free-living animals to study individuals, populations, and
communities within a given environment (Bardeli et al. 2010, Tegeler et al. 2012,
Priyadarshani et al. 2019, Teixeira et al. 2019). Bioacoustic monitoring can be used to
study many aspects of animal ecology and behaviour, including animal presence-absence
(Zwart et al. 2014), species richness (Celis-Murillo et al. 2012, Tegeler et al. 2012, Holmes
et al. 2012, Sidie-Slettedahl et al. 2015), abundance (Celis-Murillo et al. 2009, Borker et al.
2014), and density (Dawson & Efford 2009, Frommolt & Tauchert 2014). Through
bioacoustic monitoring, researchers have the opportunity to study and measure the
3

impact of habitat loss, pollution, and changing environmental conditions on birds
(Buckland et al. 2008, Newson et al. 2008, Teixeira et al. 2019).
Recent technological advances have led to the use of autonomous recorders as a
method for bioacoustic monitoring which differs from traditional in-person methods.
Autonomous recorders are digital recorders that sample animal vocalizations unattended
in the field (Swiston & Mennill 2009, Tegeler et al. 2012, Shonfield & Bayne 2017, Brooks
& Nocera 2021). The use of autonomous recorders to collect field data reduces the need
for skilled observers to collect field observations and provides a permanent record of
information to ensure identification of all animals in the recordings (Venier et al. 2012,
Holmes et al. 2014, Perez-Granados et al. 2018). Autonomous recorders can be
programmed to record for any duration of time, providing highly repeatable and reliable
data that can be used to study biological patterns (Perez-Granados et al. 2018).
Passive acoustic monitoring using autonomous recorders has been applied in
studies of animal populations for many decades. For example, in an early study on the
distribution and behaviour of Bowhead Whale (Balaena mysticetus), autonomous
recorders were used as a tool to conduct a census of the Alaskan population (Clark et al.
1993). More recently, studies have used passive acoustic monitoring to explore trends in
animal populations and monitor species at risk. For example, a recent study used passive
acoustic monitoring to follow a population of Dupont’s Lark (Chersophilus duponti) to
develop an effective monitoring protocol for detecting wildlife using autonomous
recorders; the use of autonomous recorders allowed for the documentation of the
4

number of devices and number of working days needed to reliably detect species (PerezGranados et al. 2018).
Autonomous recorders are becoming a common component of ecological
monitoring programmes in combination with traditional techniques, such as observer
point counts and capture-recapture methods (Sidie-Slettedahl et al. 2015, Brooks &
Nocera 2021, Roark & Gaul 2021). Most often, studies using autonomous recorders focus
on monitoring population abundance and species richness. For example, a study exploring
the relationship between colony size and vocal activity in Forster’s Terns (Sterna forsteri)
used autonomous recorders to compare the relative abundance of nesting birds to the
acoustic activity at colony sites (Borker et al. 2014). Another study compared the efficacy
of autonomous recorders in estimating species richness of 15 tropical bird species
compared to point counts, concluding that to have reliable data for all species, a
combination of methods must be used (Celis-Murillo et al. 2012). Despite a number of
studies using autonomous recorders for monitoring abundance and species richness,
there are a limited number of studies that test the efficacy of autonomous recorders in
estimating population size and monitoring annual survival of animals over multiple years
and generations. In Chapter 2 of my thesis, I test the efficacy of autonomous recorders for
estimating population size and annual survival using an island-living population of
Savannah Sparrows.

5

Vocal geographic variation in songbirds
For animals that learn their vocalizations, including birds, whales, and humans,
geographic variation in acoustic signals often occurs in the form of vocal dialects (Marler
& Tamura 1962, Derryberry 2009). Vocal dialects are a pattern of song variation that
occurs when clusters of animals share similar vocal characteristics and nearby clusters of
animals share different characteristics (Marler & Tamura 1964). In a foundational study
on vocal dialects, Marler and Tamura (1962) found geographic song variation in Whitecrowned Sparrows on the California coast, documenting ten different dialects across a
distance of 1000 km. Typically, geographic song variation and dialects in animal
vocalizations are studied over broad distances, often at a scale of hundreds to thousands
of kilometres (Planqué et al. 2014). For example, in Golden-crowned Sparrows
(Zonotrichia atricapilla), dialects typically span distances of 500 to 1,700 km (Shizuka et al.
2016). However, animal sounds might also vary at smaller geographic scales, a
phenomenon that is referred to as microgeographic song variation, or microdialects. For
example, dialects in Madagascar Paradise Flycatchers (Terpisphone mutata) are known to
exist across 1 km distances (van Dongen & Mulder 2006).
Patterns of geographic variation in acoustic signals have been extensively studied
through the use of bioacoustic monitoring (Catchpole & Slater 2008). In an early study on
European Wrens (Troglodytes troglodytes), local dialects and song sharing within the
population were quantified using tape recorders and microphones (Catchpole & Rowell
1993). In another study on Western Bluebirds (Sialia mexicana), song sharing among
6

neighbours was determined through the use of autonomous recorders (Akçay et al.
2014). Where animals produce distinct vocalizations, automated bioacoustic sampling
presents an opportunity for quantifying acoustic variation over short distances, informing
our understanding of animal behaviour and ecology. In Chapter 3 of my thesis, I use
autonomous recorders as a method of bioacoustic monitoring to evaluate the presence of
microdialects in a population of Savannah Sparrows.

Study System
Savannah Sparrows are a compelling species to study vocal behaviour because
each male learns a single song within the first year of his life that remains consistent
throughout adulthood (Wheelwright & Rising 2008, Mennill et al. 2018). Each adult male
Savannah Sparrow produces only one song type which differs between individuals based
on the middle section of their song (Williams et al. 2013). Songs show high consistency
throughout an individual’s life, exhibiting only subtle variations in the frequency and
duration of certain song elements over time (Williams et al. 2013; Mennill et al. 2018;
Thomas et al. 2021).
My Savannah Sparrow study population is located on the three islands that
comprise the Bowdoin Scientific Station in the Bay of Fundy in New Brunswick, Canada
(44°35’N 66°46’W). Kent Island is 2.8 km by 0.7 km (80 ha), Hay Island is 0.7 km by 0.4 km
(30 ha), and Sheep Island is 0.7 km by 0.2 km (17 ha). This population has been the
subject of a long-term study for over 30 years (Wheelwright & Mauck 1998, Mitchell et al.
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2012, Woodworth et al. 2017). This population is migratory and males return from
migration in late April and early May, whereas females return later in May. Breeding
activities begin in late May and continue through late July. Savannah Sparrows depart
from the breeding grounds from mid-September through mid-October to their
overwintering grounds in the southeastern United States (Wheelwright & Rising 2008,
Woodworth et al. 2017). Following standardized protocols, all breeding adults and
offspring are banded each year in a 10-hectare area of meadow on Kent Island which
provides the breeding grounds for an annual population of about 40-50 breeding pairs
(Wheelwright & Mauck 1998). Male songs are recorded in both the main study site (i.e.
where all the birds are banded) and throughout all three islands (i.e. where some birds
are banded) using autonomous recorders.

Thesis goals
The goal of this thesis is to assess the accuracy of passive acoustic monitoring, and
then use that method to observe and measure a vocal phenomenon in an island
population of Savannah Sparrows. In my first data chapter (Chapter 2), I use a six-year
dataset to examine the accuracy of passive acoustic monitoring to estimate population
size and the annual survival of Savannah Sparrows. In my second data chapter (Chapter
3), I use passive acoustic monitoring to test the hypothesis that localized song learning,
combined with small dispersal distances, gives rise to microdialects, where animals
produce songs that sound similar to their neighbours.
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Chapter 2: A blind test of passive acoustic monitoring: Accurate underestimates of
population size and annual survival in wild birds
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Chapter Summary
Breeding birds produce conspicuous vocal signals, providing tremendous opportunities to
survey free-living birds through acoustic recordings. Traditional methods for studies of
population size and annual survival depend on labour-intensive field research. If
researchers could use autonomous recorders to record the unique features of bird songs
to estimate population size and annual survival, passive acoustic monitoring could
provide an alternative method for studying the ecology of wild birds. To determine the
accuracy of passive acoustic monitoring in estimating population size and annual survival,
we used autonomous recorders to sample an island-living population of Savannah
Sparrows (Passerculus sandwichensis) over a six-year period. Using the individuallydistinctive songs of males, we estimated population size as the number of unique songs
detected in the recordings. We compared songs across years to estimate the annual
survival of birds between years. We calculated these estimates blind to the true field
data. We found that passive acoustic monitoring estimated population size with 74%
accuracy, with higher accuracy (84%) in lower density years. Passive acoustic monitoring
estimated annual survival with 80% accuracy, and estimated birth year and death year
with 83% and 76% accuracy, respectively. To our knowledge, this is among the first
studies to estimate population size with passive acoustic monitoring, and the first to
estimate annual survival, birth year, and death year of individuals with passive acoustic
monitoring. Our findings suggest that autonomous recorders can be a useful method of
bioacoustic monitoring to estimate population size and annual survival, although
bioacoustic estimates provide under-estimates of true population features.
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Introduction
Passive acoustic monitoring provides an important tool for gathering ecological data,
assessing trends in populations, and monitoring conservation efforts (Ralph et al. 1995,
Venier et al. 2012, Shonfield & Bayne 2017). Traditionally, ecologists have used in-person
approaches for monitoring bird populations (Thomas & Martin 1996, Newson et al. 2008,
Andres et al. 2012, Abrahams 2019). Population estimates can be used to assess a
species’ status and identify species of conservation concern (Thomas & Martin 1996,
Teixeira et al. 2019), indicate an endangered species’ recovery and status (Andres et al.
2012, Weist et al. 2016), and identify habitat types important to a designated species
(Keller & Bollmann 2004, Newson et al. 2008). Yet the traditional approaches for
population monitoring, including capture-recapture sampling (Garamszegi et al. 2005),
observer point counts (Link & Sauer 1998, Dunn 2002), and distance-sampling methods
(Buckland et al. 1993, Newson et al. 2008), are time-intensive and labour-intensive
(Schaub et al. 2001, Buckland et al. 2008, Taylor & Pollard 2008, Bayne et al. 2016).
Bioacoustic recordings provide an alternative method for studying the population
features of wild birds (Haselmeyer & Quinn 2000, Venier et al. 2012, Holmes et al. 2014,
Foote et al. 2017). The advent of autonomous digital recorders that sample bird
vocalizations unattended in the field over extended periods is a turning point in the use of
bioacoustic methods for studying bird populations. Bioacoustic recordings provide
multiple advantages over traditional in-person surveying techniques (Swiston & Mennill
2009, Tegeler et al. 2012, Shonfield & Bayne 2017). If bioacoustic recordings can provide
accurate measurements of population features, they reduce the need for skilled
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observers to conduct field research, and they provide a permanent record of information
to ensure that all individuals in a population can be identified (Venier et al. 2012, Holmes
et al. 2014, Shonfield & Bayne 2017, Perez-Granados et al. 2018). Furthermore,
bioacoustic recordings can be collected over extended periods of time, beyond the
sampling intervals of in-person field observations, providing increasingly rigorous
sampling of trends in bird populations (Pérez-Granados et al. 2018).
A recent review of autonomous recording technology summarized the growing
use of passive acoustic monitoring over the last decade (Pérez-Granados & Traba 2021).
For example, a one-year study of Western Capercaillie (Tetrao urogallus) determined that
passive acoustic monitoring provided an accurate population estimate in comparison to
traditional in-person lek counts (Abrahams 2019). A one-year study of European Nightjars
(Caprimulgus europaeus) compared the use of autonomous recorders and observer point
count surveys, concluding that autonomous recorders were substantially better at
detecting nightjars compared to in-person surveyors (Zwart et al. 2014). A three-year
study of Black-capped Chickadees (Poecile atricapillus) compared autonomous recorders
and point count surveys, concluding that autonomous recorders provide accurate
estimates of population size, while also describing how survey length and time-of-day
affect detection rates (Foote et al. 2017). Conversely, a two-year study of three species of
marsh birds found that autonomous recorders exhibited some deficiencies compared to
in-person observers; human observers were able to identify birds at greater distances and
with greater accuracy, resulting in reduced population detection by recorders (SidieSlettedahl et al. 2015). Further research is required to explore the strengths and
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limitations of passive acoustic monitoring and to explore the efficacy of bioacoustic
recorders for studying other aspects of the population biology of wild birds.
Although autonomous recorders have been used in many studies to estimate
population size, they have only been recently used to study other population and
demographic features of wild birds. In a study of Olive-sided Flycatchers (Contopus
cooperi), passive acoustic monitoring was used to survey breeding activities and was
found to accurately estimate breeding phenology (Brooks & Nocera 2021). In a study of
Forster’s Terns (Sterna forsteri), passive acoustic monitoring was used to test the
assumption that vocal activity at colony sites is associated with the relative abundance of
nesting birds and was found to provide a strong correlation between vocal activity and
colony size (Borker et al. 2014). Although there are many other features that could be
measured with passive acoustic monitoring, such as estimates of year-of-birth, year-ofdeath, or annual survival, we are not aware of any study that has explored these features.
Whenever birds exhibit individually distinctive vocalizations, their vocalizations would
allow the tracking of individuals over time, facilitating estimates of population features
with passive acoustic monitoring (Mennill 2011).
In this study, we test the accuracy of passive acoustic monitoring to estimate
population size and annual survival in Savannah Sparrows (Passerculus sandwichensis).
Our colour-marked study population has been the subject of detailed in-person studies
for decades, providing in-person measurements of population size, birth year, death year,
and annual survival for comparison to acoustic data (Dixon 1978, Woodworth et al. 2017).
We recorded the study population using passive acoustic monitoring each year over a six17

year period. In a blind analysis, we used the individually distinctive songs to estimate the
number of individuals in the population each year, and to track individuals across years to
estimate their year of birth, year of death, and annual survival. Given that previous
research has demonstrated that passive acoustic monitoring provides similar detection
rates to in-person methods (reviewed in Pérez-Granados & Traba 2021), we predicted
that passive acoustic monitoring would provide accurate population estimates that
closely match in-person population estimates. For this first-ever test of estimating yearof-birth, year-of-death, and annual survival, we predicted that the individually distinctive
songs of Savannah Sparrows would provide accurate estimates of these life-history
features.

Methods

Study Site
We studied a population of Savannah Sparrows at the Bowdoin Scientific Station on Kent
Island, located in the Bay of Fundy, New Brunswick, Canada (44°35’N 66°46’W) between
2014 and 2019. This population was first studied in the 1960s and has been studied
extensively throughout the last 30 years (Dixon 1978, Wheelwright et al. 1998, Mitchell et
al. 2012a, Woodworth et al. 2017, Mennill et al. 2018). On an annual basis, all nesting
individuals within a core 10-hectare area of meadow at the centre of Kent Island have
been banded with individually distinctive colour bands and monitored on a daily basis
between late May and late July (Woodworth et al. 2017). Kent Island Savannah Sparrows
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exhibit strong natal philopatry, returning, on average, within 202.8 m of their natal site
during their first breeding season (Wheelwright & Mauck 1998).

Field data collection
As part of a long-running research program on Kent Island, in spring of each year all adult
Savannah Sparrows in the study population were captured in mist nets and given a
unique combination of colour-bands (Woodworth et al. 2017). All in-person field data
collection and protocols for each year of the study was overseen by the same seasoned
field researchers (AEMN and DRN) to ensure consistency in data collection between
years. Nestling birds were banded in the nest in June and July of each year (Mitchell et al.
2012b). Unbanded adult birds arriving at the study site in the spring were assumed to be
first-year birds. This assumption was confirmed by assessing the plumage and molt
characteristics of young birds when they were captured for banding. Three to five trained
researchers conducted rigorous studies throughout the whole core population area from
late May until late July of each year resighting the colour-banded birds, monitoring their
breeding activities each day, and recording their territories. From the daily re-sighting
observations of individually marked sparrows from the field research team, we were able
to calculate population size as the total number of animals throughout the breeding
season within the central study area between 2014 and 2019.
In addition to re-sighting observations, we collected focal recordings of every adult
male’s song each year. In all six years of the study, we collected in-person focal recordings
using hand-held digital recorders (Marantz PMD661 digital recorder and a Sennheiser
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ME66/K6 microphone mounted in a Telinga parabola; 44.1 kHz sampling frequency; 16-bit
accuracy; WAV format). Focal recordings of all singing males were collected in the first
four hours of the morning from male arrival (mid-April to late-May) until the onset of
nesting at the end of May. Using the focal recordings, we compiled a song library of all
males on the study site, producing a comprehensive record of each colour-banded male’s
song.
Savannah Sparrow males on Kent Island have an average lifespan of 1.5 years but
can live up to 8 years (Wheelwright & Rising 2008). Based on our field data, we calculated
annual survival based on whether colour-marked individuals were detected in each of two
subsequent years. We measured birth year directly by banding birds in the nest or, for
males who arrived in the population unbanded in the spring, we assumed that they were
born the previous year and had dispersed into the population outside our core study site
from elsewhere. We measured death year as the final year a banded individual was
observed in the population if the bird was not seen again during the following field
season.

Passive acoustic monitoring data collection
From 2014 to 2019 we conducted extensive sampling of the vocalizations of young males
using autonomous digital recorders (Wildlife Acoustics Song Meter SM2; 44.1 kHz
sampling frequency; 16-bit accuracy; WAC format; see Mennill et al. 2012). We estimate
that Savannah Sparrow songs to transmit 100m, and we chose to record the population
by placing automated recorders in a grid of 50x50m beginning with the first week of May
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and lasting until the end of July (with the majority of recordings occurring between late
May and mid-June). Given that we had recorders placed at distances smaller than the
average transmission distance, this may be a useful guideline for future researchers.
Recorders were left in place for 48 hours at each location, recording during all daylight
hours; if winds or rain interrupted the recordings, recorders were left in place for longer,
to ensure at least one 24-hour recording interval with good recording conditions.
Following a standardized protocol, automated recordings were analyzed in the
laboratory by trained researchers who had not been present in the field. We identified
male Savannah Sparrows by visually examining the field recordings as sound
spectrograms using Syrinx-PC sound analysis software (J. Burt, Seattle WA). Every
Savannah Sparrow song was annotated in the sound recordings and we focused on
annotating songs from 0400 to 0800 h and 1800 to 2000 h in each field recording due to
Savannah Sparrows being particularly vocally active during this time (Moran et al. 2019).
Within these recordings we differentiated between individuals on the basis of fine
structural acoustic details of their songs (Williams et al. 2013; Williams 2021). Previous
investigations have shown that each adult male Savannah Sparrow produces only one
song, with high consistency across their lives, showing only small variations in the
frequency and duration of certain song elements over time (Williams et al. 2013; Mennill
et al. 2018; Thomas et al. 2021). For each automated recorder, we built a collection of
each individual male and isolated a clear, good quality example of their song that
contained minimal background noise. We then compared the songs between adjacent
recorders to check for duplicates; given that we spaced the recorders 50m apart, and that
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male Savannah Sparrow songs can transmit up to 100m, we expected males to be
detected at multiple nearby recorders. We placed each unique individuals’ song on a map
of the study site based on the GPS coordinates of the automated recorders. For all males
that were detected at multiple recorders, we determined their approximate location as
the recorder where their song was loudest.
After we had generated a map of songs isolated from the automated recorders,
we compared each song to the in-person focal recordings collected in the field. We
matched each of the males identified in the autonomous recordings with a recording of a
colour-banded male in the population, based on comparison of their sound spectrograms.
We compared the total number of individuals identified from the autonomous recorders
to the independent count of the known number of banded males during the
corresponding year.
In addition to comparing the total number of birds, we also compared the number
of population-level song types detected each year from the autonomous recorders and
the focal recordings of banded birds. The middle section of the Savannah Sparrow song is
one of the most individually distinctive components of the song (Williams et al. 2013), and
the middle section of songs in our study population fall into one of six main populationlevel song types (terminology from Williams 2021): (1) middle sections comprising of two
“ch” notes, (2) middle sections comprising of two “ch” notes and a dash, (3) middle
sections comprising of between two and four short notes and a single dash, (4) middle
sections comprising of more than two “ch” notes (known as “stutter songs”), (5) middle
sections comprising of a single “ch” note followed by a dash, and (6) middle sections
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comprising of a single dash (Fig. 2.1). A seventh, less common song type exists in the
population with middle sections exhibiting unusual features that arose from a songlearning experiment that was conducted in this population between 2013 and 2019
(Mennill et al. 2018). For each year of data, we counted the number of songs present for
each population-level song type identified from the autonomous recordings, and then
compared that to the population-level song types of banded birds using focal recordings.
To estimate year of birth, year of death, and annual survival from our acoustic
recordings, we compared songs across all years of the dataset. We compared songs
between years and recorded the first year a song appeared in the dataset and the last
year a song appeared in the dataset. The estimate of the year of birth was determined to
be the year before a bird’s song appeared in the dataset (we excluded first-detections
from 2014 because we did not have data from 2013 for comparison), and the year of
death was determined to be the last year that a bird’s song appeared in the dataset (we
excluded last-detections from 2019 because we did not have data from 2020 for
comparison). The estimate of annual survival was calculated as the year of death minus
the year of birth. Estimated years of birth, death, and annual survival were compared to
the corresponding known values of banded birds, based on matching the automated song
recordings to the focal recordings of banded birds.

Analytical techniques
The acoustic estimates of population size, birth year, death year, and annual survival were
all collected blind to the true measurements of these features from the field team. ALJH
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conducted all of the acoustic estimates blind to all field data (she had never visited the
field site and did not have access to in-person field data while calculating these
estimates); the sole information available to her during acoustic analyses was the
geographic coordinates of each of the automated recorders. In-person field data were
collected by all remaining co-authors (SMD, AEMN, DRN, HW, DJM) and were made
available to ALJH only after the acoustic estimates of population size, birth year, death
year, and annual survival were determined. Therefore, this analysis of passive acoustic
monitoring is a rigorously blind test, where the acoustic estimates were gathered without
any knowledge of the field data.
To determine the accuracy of autonomous recorders in estimating population size
and annual survival in male Savannah Sparrows, we calculated the detection rate in each
year of study to explore the relationship between estimated male population size and
true male population size. We differentiate between the “true population size” as being
measured in person using field methods described above and “estimated population size”
as being measured remotely using autonomous recorders as described above. In all six
years of our analyses, we recorded birds in the core study area of Kent Island, and so
population size and population density are directly related in this dataset. Other
investigations might apply this same technique to different sizes of study site, in which
case population size and population density could be considered separately.
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Results

Population estimate
By recording male Savannah Sparrows with autonomous recorders over six breeding
seasons and comparing acoustic estimates to in-person field data, we found that passive
acoustic monitoring estimated male population size with 74% accuracy. Population
estimates using passive acoustic monitoring routinely provided an underestimate of male
population size compared to the true male population size in each year of study (Fig. 2.2;
2014: 33 out of 36, 2015: 27 out of 32, 2016: 21 out of 28, 2017: 30 out of 48, 2018: 32
out of 47, 2019: 28 out of 45).
To better understand which features influenced the accuracy of our bioacoustic
population estimates, we explored years with high versus low population size. In years
that had a smaller population size (true population size of 36 males or less), we estimated
male population size with 84% accuracy. In years that had a larger population size (true
population size of 45 males or more), we estimated male population size with 64%
accuracy. Therefore, when population size was small (2014 to 2016), estimating male
population size with passive acoustic monitoring was more accurate than in years when
population size was large (2017 to 2019).
We also evaluated whether male population size estimates varied across the six
main population-level song types present in our population. We found that there was
variation in the likelihood to detect the correct number of males with each populationlevel song type. We estimated the number of males with the most common song type,
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“ch” song types, with 67% accuracy, again with variation in the population size; we had
larger underestimates of the number of males singing “ch” song types in high-density
years compared to low-density years (54% and 81%, respectively). Males that had songs
with two “ch” notes and a dash were also underestimated, with 71% accuracy. This
finding was consistent in both low- and high-density years (69% and 72%, respectively). In
low-density years, males that had stutter song types (songs with more than two “ch”
notes) were overestimated with a 200% accuracy; in high-density years, estimates of
males with stutter song types were accurate 76% of the time. Population estimates were
most accurate for birds with less common population-level song types, such as single dash
songs (100% accuracy), songs with a single “ch” followed by single dash (100% accuracy),
and short dash songs (89% accuracy).
A total of five detections by autonomous recorders between 2014 and 2016 did
not match a banded male; these individuals could either be “false positives” (i.e. birds
that did not actually exist) or they could be individuals that were not observed by the field
research team. In one case, upon careful examination, we determined that the song of a
single sparrow showed variation over time in the number of syllable repeats, and we
mistakenly considered the song of a single individual to be two different individuals based
on the recordings. In three cases, the novel bird was detected from an acoustic recorder
at the southern edge of our study population, which borders an area of unbanded birds
that are not part of our long-term study; we expect that these three songs were recorded
from birds in this southern area venturing north into our recording area. In the fifth case,
however, our acoustic recordings detected a bird that was not detected by the field team;
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the bird was detected in 2014 by both the in-person researchers and the acoustic
recordings but in 2015 was only detected with acoustic recorders and not observed by
the field team. We suspect that this bird died early in the 2015 field season, after the
acoustic recording but before the field team began nest searching in the area.

Annual Survival
For each male individual in our passive acoustic monitoring dataset, we estimated birth
year (i.e. the first year the bird was detected as an adult, minus one), death year (i.e. the
last year a bird was detected), and annual survival (i.e. death year minus birth year).
When compared to the known birth year of each male, the birth year was estimated with
83% accuracy. When compared to the known death year of each male, the death year
was estimated with 76% accuracy. For males that were correctly identified, annual
survival was accurate 80% of the time (Fig. 2.3; 2014: 30 out of 32, 2015: 22 out of 27,
2016: 18 out of 24, 2017: 30 out of 41, 2018: 31 out of 42, 2019: 28 out of 34).

Discussion
The advent of affordable, programmable, digital recorders and access to easy data
storage means that passive acoustic monitoring is increasingly used to study wild animal
populations. In this study, we compared acoustic estimates of population size of male
Savannah Sparrows from autonomous recorders to the known population size of banded
birds and found that autonomous recorders, on average, detected 74% of the male
population. In years where there was low population density, population estimates using
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passive acoustic monitoring were more accurate than in years where the population
density was high. Males with unique population-level song types were more likely to be
accurately estimated using passive acoustic monitoring than males who had common
population-level song types. Our analyses of annual survival demonstrated that passive
acoustic monitoring was 80% accurate when used to estimate annual survival and was
also accurate when used to estimate both birth year and death year of male Savannah
Sparrows; however, they were more accurate in estimating birth year. Therefore, this
study demonstrates that autonomous recorders, as a method of bioacoustic monitoring,
can be used to provide accurate estimates of population size and annual survival in
animals which vocalize regularly and produce individually distinctive songs.
One of the possible reasons for autonomous recordings underestimating the
number of individuals could be due to male Savannah Sparrows having very similar songs.
Two male Savannah Sparrows that share the same population-level song type, whose
songs are at a similar frequency, and whose territories are near each other may be
mistaken for a single male instead of two different males. This could lead to an
underestimate of population size based on scanning recordings taken from autonomous
recorders. This may be especially true in a population where individuals establish
breeding territories in neighbourhoods of similar-sounding individuals, which occurs in
our study population (Thomas et al. 2021). However, this doesn’t mean that the
individuals were not detected by autonomous recorders, only that they were identified
incorrectly or not identified as distinct individuals. Therefore, it might be beneficial to
have multiple researchers create a population estimate using the same recordings to
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account for observer differences in classification. It is also worth noting that for many
species, only males are known to sing, and therefore it may be difficult to get 100%
accuracy in population size estimates for some species. Future research is required to
determine if monitoring population size using acoustic recordings is informative for
species where only males sing a distinctive song.
In addition to population estimates, our study provides support for the use of
autonomous recorders to monitor annual survival of individuals. Traditionally, annual
survival and the birth and death years of animals are monitored using mark-capturerecapture methods (Gardali et al. 2003, Santisteban et al. 2012). For example, research
studying geographical and temporal variation in Roseate Terns (Sterna dougallii) used the
capture-recapture method to record annual survival and movement (Spendelow et al.
1995). Another study examining the relationship between annual survival and habitat and
environmental conditions in a declining population of Greater Sage-Grouse (Centrocercus
urophasianus) monitored annual survival of hens using capture-recapture methods
(Moynahan et al. 2006). To our knowledge, our study is the first to use long-term acoustic
recordings to examine annual survival and determine the birth and death year of an
individual based on the detection of their song each year and the location at which they
were recorded. This method of monitoring annual survival using acoustic recordings may
only be appropriate for animals who return to the same territory each year or have high
adult philopatry (i.e. Great Tits, Harvey et al. 1979; Savannah Sparrows, Wheelwright &
Mauck 1998), or animals who have a single song repertoire (i.e. Swamp Sparrows, Marler
& Peters 1982; Field Sparrows, Nelson et al. 1992; White-Crowned Sparrows, Nelson et al.
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2000). Future research is required to determine if monitoring annual survival using
acoustic recordings is a viable method for non-territorial birds and birds with large song
repertoires who vocalize regularly and produce distinct vocalizations.
Previous investigations regarding the accuracy of autonomous recorders
compared to in-person methods have produced similar findings to our study. In a study
comparing the accuracy of autonomous recordings to observer point-counts in detecting
bird species richness, autonomous recorders detected 79% of the total number of
species, while point-counts accounted for 95% of the total number of species (Hutto &
Stutzman 2009). Another study using a microphone array to study the number of Eurasian
Bittern (Botaurus stellaris) in a restored wetland concluded that autonomous recorders
provided reliable information compared to in-person methods (Frommolt & Tauchert
2014). Recently, in addition to comparisons of the accuracy of autonomous recorders to
in-person methods, autonomous recorders have been used to study behavioural features
based on vocal activity in population, such as to monitor the timing of spring migration
(Roark & Gaul 2021) and to estimate the timing of breeding (Brooks & Nocera 2021). Our
results agree and suggest that autonomous recordings could be an effective method of
bioacoustic monitoring to study behavioural or populational features such as annual
survival.
Population estimates provide important information needed to assess a species’
status and can help identify species-at-risk (Thomas & Martin 1996, Newson et al. 2008,
Andres et al. 2012, Teixeira et al. 2019, Pérez-Granados & Traba 2021). This information
can include identifying declining populations, evaluating regional habitat types important
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for conservation species, and monitoring a species’ recovery status (Buckland et al. 2008,
Newson et al. 2008, Andres et al. 2012, Weist et al. 2016). Passive acoustic monitoring is
particularly useful for documenting the presence of common bird species and species-atrisk across a range of areas and habitats (Holmes et al., 2014). The use of autonomous
recorders as a method of bioacoustic monitoring could help facilitate long-term data
collection, contribute to the development of effective management practices, and
provide more complete information on trends in bird populations.
We have demonstrated that autonomous recorders can be a useful method of
bioacoustic monitoring to estimate male population size and annual survival in Savannah
Sparrows. While previous studies have used passive acoustic monitoring to estimate
species richness and abundance, very few have used recorders to estimate male
population size and compared their findings to known values. We found that autonomous
recorders estimated male population size with 74% accuracy, with higher accuracy in lowdensity years. We also provided the first known example of using autonomous recorders
to estimate annual survival, birth year, and death year. Future research might consider
using autonomous recorders to monitor patterns of behaviour in animals whose
vocalizations correlate with behavioural activity.
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Figures

Figure 2.1. Six main population-level song types present on Kent Island showing two or
three examples of each song type. Each male has an individually-distinct song that falls
under one of these six main population-level song types. Song types are defined by the
middle sections of Savannah Sparrow songs with three examples for each: Song Type A is
denoted by two “ch” notes, Song Type B is denoted by two “ch” notes followed by a dash,
Song Type C is denoted by multiple “ch” notes, known as stutter songs, Song Type D is
denoted by short notes followed by a dash, Song Type E is denoted by a single dash, and
Song Type F is denoted by one “ch” note followed by a dash (terminology from Williams
et al. 2013, Williams 2021).
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Figure 2.2. Plot showing the relationship between population size estimated with passive
acoustic monitoring versus the true population size across six years of field study. The line
shows parity between true population size versus bioacoustic estimates of population
size.
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Figure 2.3. Plot showing the relationship between annual survival estimated with passive
acoustic monitoring versus the true annual survival across six years of field study. The line
shows parity between true annual survival versus bioacoustic estimates of annual
survival.
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Chapter 3: Microgeographic variation in bird song: Savannah Sparrows exhibit
microdialects in an island population

40

Chapter Summary
Social communication often involves vocal learning, whereby young animals learn their
vocalizations early in life by imitating the sounds of adults. In the largest group of vocal
learning animals, songbirds, vocal learning routinely gives rise to a pattern of geographic
variation known as “vocal dialects”. Vocal dialects are defined by acoustic features
shared within a cluster of animals that differ from those sung by animals in nearby
clusters. Dialects may form when animals learn their vocalizations early in life and then
disperse short distances, or when they modify their vocalizations to match local vocal
patterns after dispersal. Dialects are typically studied at a regional or continental scale,
but they may also persist at a smaller scale (so-called “microgeographic song dialects” or
“microdialects”), although this phenomenon has rarely been investigated. In this study,
we investigate microdialects and dispersal distance in an island-living population of
song-learning Savannah Sparrows. Our analyses yield evidence of microgeographic
variation: birds showed higher acoustic similarity to their neighbours than to faraway
individuals in the same population. When we classified songs on the basis of their
highly-variable middle sections, we found that particular song types formed spatial
clusters of similar-sounding individuals. Therefore, acoustic variation in Savannah
Sparrow song appears to occur at a population scale across small geographic distances.
Adult males in our study dispersed a median distance of 189 m from their natal site,
consistent with previous findings. Our findings suggest that limited dispersal distances,
combined with selective attrition, likely contribute to the presence of microdialects.
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Introduction
Imitative vocal learning plays an important role in the complex social communication of
diverse animals, including songbirds and humans (Nottebohm 1970, Beecher 2017).
Many vocal learners have a specific period of learning that occurs early in life and is
followed by dispersal from the natal location (Jenkins et al. 2007, Fitch et al. 2008).
When dispersal distance is small, vocal learners often exhibit vocal dialects, where
groups of animals in a region produce similar sounds that are acoustically different from
animals in other regions. Many groups of vocal learners show evidence of vocal dialects,
including fruit bats (Prat et al. 2017), hummingbirds (Wiley 1971), whales (Whitehead et
al. 1998), parrots (Wright & Wilkinson 2001), and humans (Henry et al. 2015).
Vocal dialects are particularly common among Oscine songbirds, a diverse group
of more than 4000 species where individuals develop songs by imitating the
vocalizations of others (Marler & Tamura 1962, Bradbury & Vehrencamp 2011, Planqué
et al. 2014). Song dialects were first documented in a foundational study of Whitecrowned Sparrows (Zonotrichia leucophrys), where individuals from different regions of
the California coast were found to exhibit distinctive and consistent acoustic differences
between populations (Marler & Tamura 1962). Since then, evidence of dialects has been
identified in a diversity of songbird species, and vocal dialects appear to be common
whenever birds exhibit vocal learning followed by short dispersal distances (McGregor
1980; Liu et al. 2008; Briefer et al. 2011, Salinas-Melgoza & Wright 2012, Keighley et al.
2019).
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The first song dialects described in California White-crowned Sparrows were
studied over a total distance of 1000km with ten different song dialects identified across
this distance (Marler and Tamura 1962), and many of the dialects documented since
have spanned broad geographic scales (Bradbury & Vehrencamp 2011). For example, in
Golden-crowned Sparrows (Zonotrichia atricapilla) dialects span distances of 500 to
1,700 km (Shizuka et al. 2016), in Mourning Warblers (Oporornis philadelphia) dialects
span distances of 600 to 2,000 km (Pitocchelli 2011), and in Red-faced Cisticolas
(Cisticola erythrops) dialects span distances over 6,500 km (Benedict & Bowie 2009).
Although large-scale dialects may be a phenomenon of vocal learning followed by
dispersal, dialects spanning large geographic distances may also play a functional role in
population recognition, allowing individuals to differentiate between local and non-local
individuals (Marler & Tamura 1962), which may have implications for mate selection and
territory defence (MacDougall-Shackleton et al. 2002). Song segments that remain
unchanged for decades are likely the song components that convey population-specific
information, contributing to the formation and maintenance of macrogeographic song
dialects (Chilton & Lein 1996, Williams et al. 2019).
Although broad-scale dialects are well-documented, dialects might also occur at
smaller scales. Whereas most studies of geographic variation of sounds focus on
distances of hundreds to thousands of kilometres, microgeographic song variation
focuses upon local neighbourhoods of birds whose territories may all be located within
a few hundred metres. These small-scale dialects are commonly referred to as
“microgeographic song dialects” or “microdialects” (Payne 1978, Baker & Cunningham
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1985, Briefer et al. 2011). Microdialects may provide a fitness advantage to birds that
match the locally-common song (Payne 1982); when birds produce songs that match the
songs of their neighbours, they may benefit from fewer costly territorial interactions
with rivals (Beecher et al. 1996, Thomas et al. 2021). To date, investigations of two
songbird species provide evidence of microdialects. In European Wrens (Troglodytes
troglodytes), microdialects are present across distances as short as 200 m (Catchpole &
Rowell 1993). In Madagascar Paradise Flycatchers (Terpsiphone mutata), microdialects
have been documented across 1 km distances (van Dongen & Mulder 2006). It is an
open question whether microdialects are widespread among song-learning birds, and
whether microdialects can be explained by patterns of song learning behaviour,
dispersal, or a combination of these and other factors.
There are multiple forces that might contribute to the formation of
microdialects, and these forces may mirror those that drive macrogeographic dialects.
The presence of a small-scale natural barrier, such as a small water body or a patch of
inhospitable habitat, might be an insignificant boundary against dispersal but might
provide a communication barrier between nearby groups of animals, thereby giving rise
to microdialects (Catchpole & Rowell 1993, Leader et al. 2000, Kopuchian et al. 2004).
Social forces may also influence the development of microdialects. If animals disperse
short distances and preferentially settle near animals that produce similar songs, this
could give rise to microdialects. Alternatively, if young animals modify their songs based
on the sounds that they hear after dispersal and there is pressure to sound similar to
their neighbours, this too could give rise to microdialects. The boundaries of
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microdialects may change over time with changes in dispersal patterns or changes in
habitat (Chilton & Lein 1996, Derryberry 2009). By quantifying microdialects and
studying dispersal patterns and song learning behaviour, we will develop an
understanding of the forces that give rise to microdialects and the mechanisms that
contribute to geographic song variation.
We studied microgeographic variation in Savannah Sparrows (Passerculus
sandwichensis) on Kent Island, New Brunswick, Canada. Our past work on this
population has shown that each male learns an individually distinctive song within the
first year of his life, and that this song remains consistent through adulthood
(Wheelwright et al., 2008; Mennill et al. 2018). Savannah Sparrow songs consist of four
segments (Fig. 3.1; Wheelwright et al., 2008; Williams et al. 2013, Williams et al. 2019).
The most significant variation between individuals occurs in the middle and terminal
segments of the song (Wheelwright et al., 2008; Williams et al. 2019, Williams 2021).
Previous studies show that Savannah Sparrows exhibit vocal dialects across large
geographic distances of hundreds of kilometres, such as across the maritime regions of
eastern North America (Williams et al. 2019), the Californian coast (Bradley 1994), and
southwestern Ontario (Sung & Handford 2006). However, as in most songbirds, it
remains unknown whether Savannah Sparrows exhibit microdialects.
In this study, we ask whether Savannah Sparrows exhibit microdialects, and, if
so, what factors might contribute to the formation of these microdialects in this
population. We hypothesized that local song learning, combined with short dispersal
distances, would give rise to microdialects where neighbouring animals have similar
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songs. We measured the position of every male in our study population, we calculated
pair-wise acoustic similarity measurements between all pairs of males, and we
quantified dispersal distances. With these data we evaluated several predictions
following from our hypothesis. First, we predicted that male Savannah Sparrows would
show higher acoustic similarity to their neighbours compared to more distant animals.
Second, based on evidence from two other investigations of microgeographic variation
(e.g. European Wrens; Catchpole & Rowell 1993; Madagascar Paradise Flycatchers; van
Dongen & Mulder 2006), we predicted that, at a population scale, songs would exhibit a
dialect-like pattern with clusters of animals singing similar songs. Finally, to determine
whether shorter dispersal distances could contribute to the formation of microdialects,
we predicted that males who dispersed shorter distances from their natal site will sound
more similar to their neighbours than males who dispersed longer distances from their
natal site.

Methods

General methods
We conducted our research on the three islands that comprise the Bowdoin Scientific
Station in the Bay of Fundy, New Brunswick, Canada (44°35’N 66°46’W). Kent Island is
2.8 km by 0.7 km (80 ha), Hay Island is 0.7 km by 0.4 km (30 ha), and Sheep Island is 0.7
km by 0.2 km (17 ha). Some central portions of Hay and Kent Islands are forest habitat
and are not occupied by Savannah Sparrows (see Fig. 3.2). In the springs of 2016
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through 2019, we conducted extensive sampling of the vocalizations of young males
using autonomous digital recorders (Wildlife Acoustics Song Meter SM2; 44.1 kHz
sampling frequency; 16-bit accuracy; WAC format; see Mennill et al. 2012). In late May
and early June of each year, we placed autonomous recorders in a grid formation of 50 x
50 m squares in the grassy habitat of all three islands. Recorders were left in place for 48
hrs at each location, but if winds or rain interrupted the recordings, they were left in
place for longer to ensure there was a clear, good quality recording. Savannah Sparrows
have small territory sizes (average: 0.21 ha; Wheelwright & Rising 2008), and so each
recorder was within recording range of many male territories. Given the broad
recording range from our autonomous recorders (we could readily detect males with
territories up to 100 m away from the recorder), we are confident that the 50x50 m grid
positioning of our recordings allowed us to sample songs from all Savannah Sparrows on
the three islands. Indeed, we routinely detected males in two or more nearby recording
locations.
Trained researchers differentiated between male Savannah Sparrows by
examining field recordings as sound spectrograms using Syrinx-PC sound analysis
software (J. Burt, Seattle WA). Each adult male Savannah Sparrow produces only one
song type which has individually distinctive components, with the middle and trill
sections of their songs being particularly variable. Songs remain consistent throughout a
male’s adult life, showing only small variations in the frequency and duration of certain
song elements over time (Wheelwright et al. 2008; Williams et al. 2013; Thomas et al.
2021). Consequently, we could identify individuals based on the structural details of
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their songs in the recordings. Within our long recordings, we focused on annotating
songs from 0400 to 0800 h and 1800 to 2000 h in each recording; these are times when
Savannah Sparrows are particularly vocally active (Moran et al. 2019). From each
recording, we saved a sound spectrogram for each unique individual. We then mapped
all individuals, placing them on the map at a point nearest to the automated recorders
where their voice was sampled. Mapped territory data were not available for males
outside of a core 10 hectare-area study site on Kent Island, and so the approximate
location of each male was determined based on the automated recorder at which their
song was the loudest for consistency across different parts of the study site. When
songs were recorded by multiple nearby recorders, we placed a single good example of
that song at a position closest to the recorder at which they were the loudest.

Acoustic distance measurements
After isolating the recording with the best signal-to-noise ratio and the smallest amount
of overlapping background noise for each individual, we measured the fine structural
features of each male’s song using Avisoft SAS-Lab Pro software (R. Sprecht, Berlin,
Germany). We used automated parameter measurements in Avisoft to reduce human
subjectivity in quantifying acoustic features of songs. Because Savannah Sparrows
produce a consistent song with little variability over their lives, only one song per male
was measured (Wheelwright et al. 2008; Thomas et al. 2021). We categorized
measurements based on the four segments of Savannah Sparrow song (Fig. 3.1;
terminology from Williams et al. 2013, Williams 2021). For each of the four song
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segments, we measured six features: the element rate, the average pause length
between segments, the average maximum frequency, the average minimum frequency,
the average dominant frequency, and the average note bandwidth. We also measured
the three interior pause lengths between the four song segments, the length and
number of notes in the middle and buzz segments, and the duty cycle of the middle
segment (i.e. the length of the segment minus the inter-syllable silent intervals). We did
not quantify song length and number of notes in the introduction and terminal
segments due to variation in segment length within individuals (males can drop or add
notes from the beginning of the introductory segment and the end of the terminal
segment between subsequent songs). Additionally, we did not quantify the duty cycle
for the buzz segment because this segment generally consists of only one note. In total,
we used 32 spectro-temporal measurements for our analyses.
Based on these 32 spectro-temporal measurements, we plotted all songs in
multidimensional space and calculated the squared Euclidean distances between each
pair of individuals. We call this measurement “acoustic distance.” Following an approach
developed by Thomas et al. (2021), we calculated acoustic distance between songs using
the clustering analysis platform within JMP (v.14; SAS Institute, Cary, NC), selecting the
hierarchical cluster analysis using centroid, or squared Euclidean distances, calculation
method. We saved the distance matrix produced from the clustering platform in JMP to
create a table that outlines the squared Euclidean distances between all measured
individual songs. Two songs that are highly similar will have a low acoustic distance
score; two songs that are very different will have a high acoustic distance score.
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We determined the average acoustic distance score of each male and all his
territorial neighbours to determine acoustic similarity within a neighbourhood.
Immediate territorial neighbours were defined as males whose song was recorded
loudest at a nearby recorder or the same recorder as the focal male. Using paired ttests, we compared the average acoustic distance score for each male to his neighbours
to the average acoustic distance score for each male to randomly-chosen individuals
with territories at least 1 km away. For each comparison, we matched the number of
randomly-chosen distant males to the number of immediate neighbours for each male
(e.g. males that had two immediate neighbours would be compared to two distant
males). Previous research has shown that the middle segment of the Savannah Sparrow
song is particularly variable between individuals and may be especially important in
communicating individual identity (Williams et al. 2013). We therefore conducted a
comparison of acoustic similarity scores both for the entire song as well as just the
middle segment. This allowed us to explore whether the middle segment was a
contributing factor to the formation of microdialects in this population. Comparisons of
the acoustic similarity for the whole song and middle segment between neighbours and
distant birds were repeated for each individual in all four years of the study.
In 2013-2018 we conducted a playback experiment to study vocal learning in this
population (see Mennill et al. 2018, 2019). In that experiment, we used loudspeakers to
simulate vocal tutors broadcasting novel stimuli and found that 34 birds learned songs
from our playback-simulated tutors (30 birds learned songs directly from the simulated
tutors; 4 learned the novel songs from other birds on the island; Mennill et al. 2018). To
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ensure that the current study of dialects was not influenced by this playback
experiment, we repeated all analyses excluding male songs that exhibited
characteristics matching the playback stimulus from the simulated tutors
(Supplementary Table 3.1). We found the same patterns whether or not we included the
birds that were also part of the Mennill et al. (2018) experiment (see Supplementary
Table 3.1), and therefore we continued our analyses using our full dataset.

Natal dispersal distance
The Kent Island Savannah Sparrow population at Bowdoin Scientific Station is wellknown for its high natal site philopatry (Mauck & Wheelwright 1998, Mitchell et al.
2012). We calculated the natal dispersal distance of male Savannah Sparrows that
hatched in the central 10-hectare study area where nesting data was collected as the
distance between each bird’s natal nest and the centre of his territory the next year,
following a similar approach used by Wheelwright and Mauck (1998) in a previous
analysis of this population. The centre of each territory was determined using the
mapped territory outline compiled each year by the field research team. Our dispersal
dataset included data from 39 males born from 2014 to 2018 who returned to establish
their first breeding territory in the years 2015 to 2019. We measured the linear distance
between each individual’s natal nest and the centre of his territory during his first
breeding season.
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Results

Acoustic similarity
We found that male Savannah Sparrows sounded more similar to their neighbours than
to distant birds in the population. Songs had smaller acoustic distances in pair-wise
comparisons with neighbours than with the songs of birds at least one kilometer away,
although both comparison groups showed substantial variation in acoustic similarity
(Fig. 3.3; Table 3.1). When we repeated this analysis using the acoustic features of only
the middle section of the song instead of the entire song, we found the same pattern
(Table 3.2).
Based on careful inspection of sound spectrograms and following a classification
scheme used by Williams (2021), we found six main population-level song types among
all individuals in the population (Fig. 3.4; this analysis excluded the experimental birds
from the song tutoring experiment in Mennill et al. 2018). The six main population-level
song types were defined by the middle section of the Savannah Sparrow song: (1)
middle sections comprising of two “ch” notes, (2) middle sections comprising of two
“ch” notes and a dash, (3) middle sections comprising of between two and four short
notes and a single dash, (4) middle sections comprising of more than two “ch” notes
(known as “stutter songs”), (5) middle sections comprising of a single “ch” note followed
by a dash, and (6) middle sections comprising of a single dash. Introduction, buzz, and
terminal segments had similar characteristics among most males. When we categorized
songs into these six main population-level song types, clusters of males with similar
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middle segments tended to group together geographically across the three islands (Fig.
3.5).

Dispersal distance
Among 34 males, we calculated a median natal dispersal distance of 189 m (range: 42 –
550 m; Table 3.3). To evaluate whether males who disperse smaller distances sounded
more similar to their neighbours than males who disperse greater distances, we
conducted a correlation analysis between dispersal distance and each bird’s average
acoustic distance to territorial neighbours. We found that male natal dispersal distance
was not correlated with acoustic similarity between a male and his territorial neighbours
during the first breeding season (Pearson’s correlation: r = 0.19, p = 0.29, n = 34; Fig.
3.6).

Discussion
Our analyses of small-scale acoustic variation in an island population of Savannah
Sparrows provide strong evidence of a microdialect pattern, where neighbouring
animals share similar song characteristics. Geographic variation in Savannah Sparrow
song was previously known across large distances of hundreds of kilometres (Bradley
1994, Sung & Handford 2006, Williams et al. 2019). The current investigation provides
the first description of microgeographic variation for Savannah Sparrows at the scale of
hundreds of meters. Microdialects were evident when we analyzed the entire songs of
Savannah Sparrows but also when we focused on the highly variable middle section of
53

songs. We identified six main population-level song types that occurred within the
population, which we found in clusters of acoustically similar territorial males. Our
analyses of natal dispersal demonstrated low dispersal distances, where males settle
within 189 m of their natal site. However, male dispersal distance showed no
relationship with acoustic similarity to neighbours.
One possible mechanism for the formation of microdialects may be short
dispersal distances. Past research conducted in our study population examined the
dispersal patterns of juvenile Savannah Sparrows between 1987 and 1995 (Wheelwright
and Mauck 1998). Savannah Sparrows showed high natal site philopatry, often returning
to the same field where they had hatched the year before, with a median male natal
dispersal distance of 202.8 m (Wheelwright & Mauck 1998). Our data, from 2014 to
2019, show the same patterns. Males routinely returned to the same field where they
were born and had a median dispersal distance of 189 m between their natal nest and
their first breeding territory. If birds learn songs in their natal year and later establish
their first breeding territory near their natal site, a pattern which holds true in Savannah
Sparrows (Mennill et al. 2018) and many song-learning birds (e.g. White-crowned
Sparrow: Morton 1992, Great Tits: Rivera-Gutierrez et al. 2010, Yellow-naped Amazon:
Salinas-Melgoza & Wright 2012), this could give rise to a microdialect pattern. However,
when we examined the relationship between dispersal distances and acoustic similarity
to territorial neighbours, we found that males who dispersed shorter distances did not
sound more similar to their neighbours than males who dispersed greater distances.
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Therefore, while short dispersal distances may play a role, they are not likely to be the
sole contributing factor to the formation of microdialects in this study population.
The ontogeny of song learning behaviour in Savannah Sparrows may further
contribute to the formation of microdialects. Savannah Sparrows learn songs during a
brief period of time early in life, and once this learning process is complete male song
becomes fixed for the duration of each male’s adult life (Marler & Nelson 1994, Mennill
et al. 2018). Many birds exhibit behaviours known as overproduction and attrition.
These behaviours occur when birds express a larger repertoire of songs when they are
juveniles than when they are adults (overproduction), and then reject some songs
before settling on their final adult repertoire (attrition; Nelson 1992, 2000, Nordby et al.
2007, Peters & Nowicki 2017). The process of overproduction and attrition may provide
birds with the opportunity to closely match the songs of their territorial neighbours
(Marler & Peters 1982, Nelson 1992, 2000). When young birds learn songs from nearby
adults during their natal summer, they do not know the identity of their territorial
neighbours during their first breeding season the following spring (Bell et al. 1998).
Juvenile males may benefit from learning multiple song types during their natal summer
and then selecting a single song that matches their eventual territorial neighbours
(Baptista & Morton 1982, Bell et al. 1998, Nelson & Poesel 2009). Research focusing on
overproduction and attrition in Savannah Sparrows concluded that males routinely
overproduce songs and retain songs that are similar to those of their territorial
neighbours during their first breeding season (Thomas et al. 2021). This phenomenon
may better explain the formation of microdialects in Savannah Sparrows that we have
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documented here; if a male learns multiple songs, then there is a high likelihood that
one of those songs will match those of his territorial neighbours during his first breeding
season, and this will give rise to clusters of similar-sounding males.
What does it mean for birds to live in a world where microdialects exist? There
may be important implications for both female choice and aggression between
neighbouring males. Research examining song preference in female Song Sparrows
(Melospiza melodia) demonstrated that females prefer the songs of mates and
neighbours compared to the songs of strangers from their own population (O’Loghlen &
Beecher 1999). Furthermore, females preferred the songs of strangers that resemble
the songs of their mates compared to songs of strangers that did not (O’Loghlen &
Beecher 1999). Therefore, if females do not disperse far from their natal site, female
choice may influence male dispersal distance, and males will be more likely to continue
to disperse short distances or adopt the song type of their first male neighbours and
contribute to the maintenance of a microdialect. A second implication of living in a
population structured by microdialects is reduced aggression among neighbours. If
males produce similar songs, there could be decreased aggressive interactions with
male neighbours (Thomas et al. 2021). In the future, these implications could be
explored through more in-depth studies looking at territorial aggression and mate
interaction.
We have demonstrated that Savannah Sparrows exhibit microdialect patterns
where there is higher acoustic similarity between neighbouring individuals compared to
distant animals, providing evidence for the social learning of local song. Our research
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provides evidence that dialect patterns, similar to those that occur on a large geographic
scale, contribute to the expression of a microdialect. Future research might consider
exploring the influence of the process of overproduction and attrition in the
development of microdialects as well as whether certain components of birdsong are
more influential to the formation of microdialects to better our understanding of the
formation and maintenance of this phenomenon.
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Figures

Figure 3.1. Sound spectrogram of the song segments and spectro-temporal
characteristics of a typical Savannah Sparrow song. Four segments comprise each song
(shown at top): the introductory segment, the middle segment, the buzz segment, and
the terminal segment.
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Figure 3.2. Map of Bowdoin Scientific Station in the Bay of Fundy, New Brunswick,
Canada (44°35’N 66°46’W). Light green areas represent Savannah Sparrow habitat,
while dark green areas represent forested areas of the islands which are not inhabited
by Savannah Sparrows. Song meters were placed throughout each regional boundary of
the study site and left for 24-48 hours. Approximate location of song meters are
depicted by the black dots around the islands.
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Figure 3.3. Mean and standard error plots depicting the average acoustic distance
between birds and their neighbours (pink) versus randomly-selected distant birds at
least 1 km away (blue) for 2016, 2017, 2018, and 2019. Mean is shown as a black circle
with standard error bars. Acoustic distances were determined with a hierarchical cluster
analysis using centroid, or squared Euclidean distances, calculation method. In pair-wise
analyses, acoustic distance to distant birds was higher than acoustic distance to
neighbours in all four years of the study (Table 1).
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Figure 3.4. Map of Hay Island (2017, n=33) illustrating geographic song variation. There
are six middle section types present within the population: dark blue circles denote two
“ch” notes, red squares denote two “ch” notes and a dash, purple triangles denote short
notes and a dash, blue diamonds denote multiple “ch” notes, known as stutter songs,
yellow pentagons denote one “ch” note and a dash, and green upside-down triangles
denote a single dash (terminology from Williams et al. 2013). Songs with a single dash
and songs with one “ch” note and a dash are known to occur elsewhere in the study
population, however, are not present on this island. The dotted line represents
approximate territories boundaries for each male.
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Figure 3.5. Acoustic similarity of song characteristics between 3 focal animals (left) and
four immediate neighbours (right). Focal Bird A shares a song type defined by the two
“ch” notes in the middle section (underlined in orange) with Neighbours A1, A3, and A4.
Neighbour A2 exhibits a different song type with two “ch” notes and a “dash” in the
middle section (underlined in red). Focal Bird B shares a song type defined by the two
“ch” notes and a “dash” in the middle section (underlined in red) with Neighbours B1,
B2, and B3. Neighbour B4 exhibits a different song type with two “ch” notes in the
middle section (underlined in orange). Focal Bird C shares a song type defined by short
notes and a “dash” in the middle section (underlined in purple) with Neighbours C1, C2,
and C4. Neighbour C3 exhibits a different song type with two “ch” notes and a “dash” in
the middle section (underlined in red). Introduction, buzz, and terminal sections have
similar characteristics among all males.

67

10

9

Acoustic Distance

8
7
6
5
4
3
0

100

200

300

400

500

600

Natal Dispersal Distance (m)

Figure 3.6. Plot demonstrating the relationship between natal dispersal distance and
acoustic distance between focal males and territorial neighbours in the first breeding
season. We found no relationship between natal dispersal distance (m between natal
nest and centre of first year breeding territory) and acoustic distance between the focal
male and his territorial neighbours during the first breeding season.
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Tables
Table 3.1. Summary of the paired t-test statistics comparing acoustic distance scores of
whole songs of males to neighbours and distant birds across four years of data. The
mean and standard error is reported for acoustic similarity among male neighbours and
randomly-chosen distant males > 1 km away for each year. Distant males were chosen
by picking distant bird songs at random from all of the songs from males that were >
1km away; the number of distant birds matched the number of immediate neighbours
for each individual male. Significant values (p<0.05) are indicated with asterisks.
Mean

SE

T

P

N

Neighbours

7.61

0.09

2.09

0.03*

213

Distant Birds

7.80

0.12

4.82

>0.0001*

251

0.09

3.20

0.002*

275

0.09

2.21

0.02*

264

2016

2017
Neighbours

7.29

Distant Birds

7.89

2018
Neighbours

7.33

Distant Birds

7.63

2019
Neighbours

7.23

Distant Birds

7.44
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Table 3.2. Summary of the paired t-test statistics comparing the acoustic similarity of
the middle section of males to neighbours and randomly-chosen distant birds across
four years of data. Distant birds were chosen by picking distant bird songs at random
from all the songs from males that were > 1km away; the number of distant birds
matched the number of immediate neighbours for each individual male. The mean and
standard error is reported for acoustic similarity among male neighbours and male
strangers for each year. Significant values (p<0.05) are indicated with asterisks.
Mean

SE

T

P

N

Neighbours

4.28

0.08

1.80

0.07

213

Distant Birds

4.42

0.11

2.46

0.01*

251

0.08

2.64

0.009*

275

0.08

2.05

0.04*

264

2016

2017
Neighbours

3.99

Distant Birds

4.26

2018
Neighbours

4.07

Distant Birds

4.28

2019
Neighbours

4.06

Distant Birds

4.23
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Table 3.3. Natal dispersal distance (distance between natal nest and the centre of the
territory the following year) for the study population of male Savannah Sparrows. All
birds were uniquely banded as nestlings on Kent Island and had returned to the island
one year later to breed.
Natal Dispersal Distance (m)
Hatch Year

Median

Mean

1 SD

Minimum

Maximum

N

2015

382

388

142

236

550

4

2016

147

170

111

77

430

16

2017

212

260

169

42

540

8

2018

275

261

106

135

415

6

All Years
Combined

189

233

142

42

550

34
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Supplementary Table 3.1. Summary of the paired t-test statistics comparing acoustic
distance scores of whole songs of males to neighbours and distant birds across four
years of data, excluding male songs that exhibited characteristics matching playback
stimuli. A previous vocal learning playback experiment involving this population
demonstrated that juvenile males learn population-atypical songs when novel stimuli
are broadcast by automated loudspeakers (Mennill et al. 2018). To ensure our dialect
pattern was not influenced by this playback experiment, we repeated our analyses
excluding male songs that exhibited characteristics matching playback stimuli. Male
songs in 2016, 2017, 2018, and 2019 showed, on average, smaller acoustic distances to
neighbours compared to birds from far away areas of the island. In other words,
excluding males who learned experimentally manipulated songs, male Savannah
Sparrows sound more similar to their neighbours than to distant birds. The mean and
standard error is reported for acoustic similarity among male neighbours and males > 1
km away for each year. Significant values (p<0.05) are indicated with asterisks.
Mean

SE

T

P

N

Neighbours

7.6

0.09

1.89

0.06

209

Distant Birds

7.8

0.12

4.82

>0.0001*

244

0.11

3.20

0.0002*

260

0.11

2.21

0.0002*

249

2016

2017
Neighbours

7.2

Distant Birds

7.7

2018
Neighbours

7.2

Distant Birds

7.6

2019
Neighbours

7.0

Distant Birds

7.4
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Chapter 4: General Discussion

73

Over the course of my two data chapters, I have used autonomous recorders as
a method of bioacoustic monitoring. In Chapter 2, I explored the accuracy of using
autonomous recorders as a tool for studying the ecology of Savannah Sparrows. Using a
six-year dataset, I compared bioacoustic estimates of population size and annual
survival to in-person field data. I found that autonomous recorders estimated male
population size with 74% accuracy, with higher accuracy in low population density years.
In addition to accuracy in estimating male population size, I found that autonomous
recorders estimated annual survival with 80% accuracy. My results are consistent with
other studies of estimating population size (Hutto & Stutzman 2009, Frommolt &
Tauchert 2014, Pérez-Granados & Traba 2021) and confirm that autonomous recorders
are an accurate method of bioacoustic monitoring for animals that produce distinct
vocalizations, although bioacoustic techniques may underestimate population features.
In Chapter 3, I explored whether Savannah Sparrows exhibit microdialects, and I
studied the factors that might contribute to the formation of these dialects. My analyses
revealed that (1) Savannah Sparrows exhibit patterns of microgeographic variation with
birds showing higher acoustic similarity to neighbouring individuals compared to
faraway individuals in the same population; (2) males with the same population-level
song type form spatial clusters of similar-sounding individuals; and (3) males disperse a
median distance of 189m from their natal site. My results are consistent with other
studies of microdialects (Marler & Tamura 1962, Rivera-Gutierrez et al. 2010, SalinasMelgoza & Wright 2012) and confirm previous natal dispersal distance findings
(Wheelwright & Mauck 1998), suggesting that local song learning, combined with short
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dispersal distance and selective attrition, likely contribute to the presence of
microdialects.
Chapter 2 of my thesis provided evidence that using autonomous recorders to
estimate male population size can be an accurate method of bioacoustic monitoring. My
results in this chapter also provided evidence that not only can autonomous recorders
be used to survey and monitor populations, but they can also be used to estimate
annual survival, birth year, and death year. While autonomous recorders have been
used as a method of bioacoustic monitoring for the past two decades and have been
shown to have high detection accuracy, there are limited guidelines available for how
best to apply the use of autonomous recorders. Thus, future research should consider
creating clearly defined protocols for using autonomous recorders to monitor vocal
animals. This could include the time of day and year best suited for recording, the
amount of time a recording unit needs to be deployed, the maximum distance needed
between recording units to obtain accurate data, and the passive acoustic monitoring
approach that is most appropriate (i.e. microphone arrays, stereo recordings, paired
acoustic sampling, etc.).
Investigations into the presence of microdialects are relatively new and many
questions about microdialects and the mechanisms that contribute to the formation and
maintenance of microdialects remain unanswered. My Chapter 3 results suggest that if
a male learns multiple songs through the process of overproduction, then there is a high
likelihood that one of those songs will match those of his territorial neighbours during
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his first breeding season, and this will give rise to clusters of similar-sounding males
through the process of attrition. Previous research on overproduction and attrition in
Savannah Sparrows has concluded that males routinely overproduce songs and retain
songs that are similar to those of their territorial neighbours during their first breeding
season (Thomas et al. 2021). However, there is very limited research that has
investigated how overproduction and attrition impact song dialect formation. Therefore,
further research is needed to understand the role that the process of overproduction
and attrition play in the formation and maintenance of microdialects, and whether this
process contributes to the formation of dialects in other species.
In conclusion, my thesis contributes to our understanding of how autonomous
recorders can be used as a method of bioacoustic monitoring both to monitor species
and populations as well as explore multiple facets of animal behaviour and ecology. I
tested hypotheses in novel ways and provided clarity as to how autonomous recorders
may be valuable as a method of bioacoustic monitoring. My research provided evidence
for the accuracy of a field methodology for monitoring bird populations and vocal
phenomena. I demonstrated that autonomous recorders provide an accurate estimate
of population size and annual survival compared to in-person methods in Savannah
Sparrows and provided the first known evidence of using long-term acoustic recordings
to determine annual survival. Using autonomous recorders, I also demonstrated that
Savannah Sparrows exhibit a microdialect pattern of geographic song variation. My
thesis identifies the use and application of autonomous recorders in monitoring and
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identifying individuals within a population and using vocal production as a tool to
explore behavioural phenomena.
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